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The common bacterial genera Pseudomonas and Acinetobacter are
ubiquitous in most soils and are capable of degrading a large number of
chemical compounds.

While the degradative pathways of several individu-

al aromatic compounds are known, the degradative pathways of many other
aromatic compounds have not yet been elucidated.

In addition, very

little work has been done on the microbial degradation of coal liquids
in the environment.
Previous work at Western Kentucky University has shown that decomposition of Ashland Oil Company's liquified coal can indeed be accomplished
by the above bacterial genera in an enriched liquid media.

The topic of

this thesis is the decomposition of H-coal liquid and several selected
aromatic compounds by soil containing viable microorganisms.

vi

1.

INTIODUCTION

Based upon the present knowledge of the mechanisms of biological
oxidations, one nay assume that all compounds of biosynthetic origin
can also be biologically degraded and that the most complicated of
naturally-occurring molecules can eventually be either entirely or
(1)
partially broken down by selected microorganisms.

Unfortunately,

some man-made chemicals resist this breakdown and, in some cases, the
(2)
molecules will not be decomposed for years.

Herein lies a danger of

the same magnitude as that posed by nuclear waste; i.e., man-made toxicants which are stable through eons of time, toxins that could easily
outlast life on earth and may indeed shorten mankind's history.

Clearly,

the study of the breakdown of both synthetic and naturally-occurring
compounds is important not only for the immediate threat posed by their
environmental presence, but also because the products of their decomposition may be more dangerous than the original compounds.(3)

A.

Polycyclic Aromatic Hydrocarbons
One particularly hazardous class of chemicals is the polycyclic

aromatic hydrocarbons (PAH).

Many are mutagenic and/or carcinogenic.

They are usually made up of two to seven benzene rings and occur
extensively in nature.

PAR are introduced into the atmosphere primarily

through incomplete burning of organic materials.

Thus, PAH are found in

exhausts from internal combustion engines and from heating and power
(4)
plants.

Natural synthesis of PAR is thought to be negligible in

comparison with the quantity man places in the environment.(5)

1
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0) while Sornetf et at. have shown that algae
synthesized by bacteria,
(a)
can also synthesise PAH.

Skriabin et at. indicated that bacteria taken

from soil which has not had contact with hydrocarbons will not assimilate
benzene or its derivatives, and that normal paraffins oxidize more easily
(9)
and completely than other classes of chemical compounds.
The study of bacterial decomposition of PAH was begun around the
turn of the century.

Naphthalene is the simplest and safest PAN, and

most of the published work on PAM decomposition has dealt with naphthaMicroorganisms that degrade ring compounds were reported by Buddin

lene.
in

1914,(10)

(12)
(11)
and Tattersfield in 1928.
Sen Gupta in 1921,

In

1927, W. 0. Tausson showed that naphthalene functioned as a bacterial
carbon

source(13)
and he isolated three bacterial strains from oil-soaked
,

(14)
sands of the Baku oil fields that could degrade phenanthrene.

Also,

in 1928, Gray and Thorton reported several species of bacteria grown in
naphthalene-mineral salts

media.(15)

In 1943, Strawinski and Stone were

the first to propose a metabolic pathway for naphthalene by isolating
(16)
salicylic acid from naphthalene cultures of a soil pseudomonad.
Literature reviews of research concerning the action of microorganisms
(17)
(18)
ZoBell,
on hydrocarbons were done independently in 1950 by Happold,
and

Maximov.(19)
Subsequent investigations followed concerning the naphthalene

pathway.

(20)
discovered that Pseudomonas
In 1952, Walker and Evans

species convert salicylate into catechol before ring fission.

Work on

(21)
the naphthalene pathway was continued by Walker and Wiltshire.

In

1954, Treccani with Walker and Wiltshire published some of their studies
(22)
on naphthalene metabolism by various soil bacteria.

In 1958, Fernley

4n4 tvdma propored

A

tyntativc pathway for napbtbaleso metabolism stating

that the ultimate product of end-rial fission in microbial metabolism of
(23)
PAH is salicylic acid or an analogue.

Work continues today on the

degradative versatility of pseudosionado on a variety of substrates such
as aviation fuel

(24)

Some insecticides have been shown to be converted into PAH.

Seven,

or carbaryl (1-naphthyl methylcarbamate),can be hydrolyzed to 1-naphthol
(25)
both chemically and photochemically.

Geissbiihler et al. showed that

the herbicide N-(4-chlorophenoxy)-phenyl-N,N-dimethylurea was degraded in
the soil to N-(4 -chlorophenoxy)-phenyl-N-methylurea, N-(4-chlorophenoxy)(26)
phenylurea and N-(4-chlorophenoxy)-aniline.

Hill et al. found that

some pseudomonads oxidized the herbicide 3-(4-chloropheny1)-1,1-dimethyl(27)
urea.

Freed and Montgomery reported that the substituted carbamate

herbicides iso-propyl-N-phenylcarbamate and iso-propyl-N-(3-chloropheny1)(28)
carbamate are also decomposed in the soil.

Investigations by

Alexander and Aleem showed that the resistance of some aromatic herbicides
to microbial degradation was determined by the halogen position on the
(2)
aromatic nucleus and by the linkage and type of aliphatic side chain.

B.

Coal Liquid
Several methods exist for producing liquified coal on an industrial

scale.

One of the simplest methods is the H-coal process in which finely

powdered coal is hydrogenated under high temperature and pressure in the
presence of various catalysts.

Much research into H-coal production has

been done by Ashland Oil Company, Ashland, Kentucky.

Liquified coal,

like natural petroleum, contains PAH and other hazardous compounds.

A

recent review of literature on natural petroleum and coal-derived synthetic liquids shows that there are varying degrees of mutagenic

activity for each.

G000rally the coal-derived products toad to be more

outagenic and carcinogenic than the natural products although !accessed
hydrotreatnent of the Loal liquid reduces thy nutasenlcity to levels of
(29)
the natural petro1eum.

The assay system used to OVAISUre mutagealcity

is the well-known Salmonella mutagenicity assay.(I°)

Coal-derived oils

have been characterized as having lower Amounts of saturated compounds
(31)
and higher aromatic content than natural oils.
aromatic amines and oxygenated compounds.(3)

They often contain

Low concentrations of

multi-ring nitrogen heterocyclics in coal liquids have been strongly
(32,33)
suggested as causative agents of a positive Salmonella assay.
Primary aromatic amines (PAA) have also been shown to be a mutagenically
(34)
active class of compounds in coal liquids.

C.

Previous Studies at Western Kentucky Universiu
Work concerning the degradation of H-coal liquid was initiated at

Western Kentucky University in 1979, in a study conducted by Mr. Bobby E.
Cobb, a chemistry graduate student (unpublished master's thesis).
Suspensions of garden soil (0.2%, w/v) and H-coal liquid (0.5%, v/v) in
a basal salts medium were prepared containing different combinations of
nitrate and ferric ions at pH 7.0 and pH 8.5.

The suspensions were

incubated at 30°C for two weeks and the amount of bacterial growth
visually estimated.

In addition, the suspensions were analyzed for carbon,

hydrogen and nitrogen.

The most abundant growth occurred in those

suspensions without ferric ions at pH 7.0 and pH 8.5 while slight growth
occurred in the broths without any nitrate at pH 8.5.

Carbon, hydrogen

and nitrogen analyses of non-metabolized and metabolized coal liquid
showed no decrease in nitrogen for the samples taken from cultures with
no exogenous source of nitrogen.

Gas chromatography of the same samples

showed the same general peak pattern as the initial coal liquid but with

a small decrease of comas peaks. Some significaet ditteresces wers
-250°C raw where several peaks were eltelsated and
.
meted in the 200
4

few minor n

one• Ap;wared.

Two bacterial species isolated from

the broth were identified as Pseudomonas paucimobilis and Acinotobacter
anitratus (or A. caicoaceticus).

D.

Statement of Purpose
The research concerning naphthalene degradation has resulted in a

number of foreign patents on the production of salicylic acid from
naphthalene.

Most of the published work on hydrocarbon degradation

concerns Pseudomonas.

However, there are some recent studies concerning

(36,37)
(35)
chlorinated biphenyls,
Acinetobacter strains growing on hexadecane,
(38)
ethyl alcohol
benzyl alcohol,

(40)
and cyclohexanecarboxylic acid.

Limited attention has been given to environmentally realistic conditions
for aromatic compound and coal liquid decomposition.

The current study

represents an attempt to use more natural conditions to study the
degradation of these substances by soil suspensions containing viable
biota.

II.

A.

EXPERIMENTAL

Coal Livid De&radation
For the initial studies of coal liquid degradation by a Kentucky

soil, thirty 250-ml Erlenmeyer flasks were numbered and placed on a New
Brunswick Model V rotary shaker at a room temperature of 23°C.

Into

each flask were placed 20 g of local garden soil (Kentucky Pembroke,
Horizon A), 10 ml of deionized water and 0.5 g of coal liquid (4000625°C fraction) provided by the Ashland Oil Company.

This liquid was

weighed to 0.001 g and rounded off to two decimal places.

The ratio of

coal liquid to soil was the same as used in previous work by Mr. Bobby E.
The flasks were plugged with cotton and additional deionized

Cobb.

water was added to prevent drying of the samples.
Periodically, two or three flasks were removed from the shaker and
their contents extracted using Soxhlet extractors with cellulose thimbles
and technical grade p-dioxane as the solvent.

Dioxane was chosen because

of its solubility in water since the soil was quite wet when placed in
the Soxhlet thimbles.

The solvent also facilitated removal of the soil

from the flasks, which was difficult otherwise.

If it was not convenient

to immediately extract the flasks' contents, these flasks were stored at
5°C to retard bacterial action.

After approximately five hours of

extraction, the dioxane-water solvent was evaporated initially with a
Buehler Instruments flash evaporator with a water bath temperature of
50°C.

After a remaining volume of approximately 5 ml was reached, the

contents were transferred to weighed 100-ml

6

24/40 round-bottom flasks

1
Evaporatton was continued

and placed as a Ittnco Rotary evaporator.

under vacuum utilising a Como vacuum pump at a tesperature of

WC.

the flasks were alternately weighed and evaporated until two consecutive weighing, within 0.0 g Were attained.

At this point, all of the

solvent was considered evaporated1 and the percent recovery of coal
liquid was calculated for each flask.

Attempts to use a gas chromato-

graph to determine solvent evaporation proved to be too inconvenient
because of sample viscosity.

To serve as controls, extractions of coal

liquid were made prior to incubation; periodic extractions were made on
coal liquid incubated with soil that had been sterilized In an autoclave
at 15 p.s.i. and 121°C for 15 minutes; and extractions were made from
soil alone with no coal liquid added.

From the latter control, an

average mass due to soil extraction alone was obtained,and this value
was used to calculate the real recoveries of coal liquid from the other
flasks; i.e., this number was subtracted from the mass of soil and coal
liquid extracted from each flask.

The results of these recoveries are

summarized in Table 1.
Proton magnetic resonance (NMR) and infrared absorption (IR) spectra
in addition to gas chromatograms (GC) were obtained for each group of
soil extractions.
spectrometer.

NMR spectra were obtained using a Varian A60-D model

The soil extraction samples were diluted with "Baker grade"

deuterated chloroform (J. T. Baker Chemical Company) in a ratio of 100 mg
sample per 0.50 ml CDC13.

IR spectra were obtained using a Nicolet MX-1

FT-IR instrument with the samples placed between sodium chloride plates
and a scan time of one minute.

Gas chromatograms were obtained using a

Varian model 3700 gas chromatograph with an ion-flame detector and a
Hewlett-Packard No. 3390 A integrator.

Parameters on the Hewlett-Packard

were as follows: attemmattom. 5; chart opyrd. 1.0; peak width. 0.04;
threshold,

Parameters on that Varian wore as

and area rejection. 0.

-10
amp/mV; attenuation. 64; initial temperature. 120%
follows: range. 10
.
C/min ramp to 260*C for 10 min; and 0.4 ul sample.
for 0 min; 20

The

glass column was 2m x 8.15mm x Zeim and packed with 31 OV-17 on 80/100
mesh Chromosorb W-HP.

B.

Aromatic Compound Degradation
In this part of the study, the following compounds were used:

naphthalene, l-naphthol, 2-naphthol,

indole, quinoline, o-cresol,

m-cresol, p-cresol, aniline, o-toluidine, p-toluidine, anthracene,
phenanthrene, carbazole, and acridine.
or reagent grade.

These were either practical grade

No attempt was made to futher purify these compounds.

Initially, an attempt was made to measure the oxygen uptake by the soil
(microbiota) as these compounds were metabolized.

A 17. (w/v) suspension

of each compound was made in a 0.57. aqueous solution of Triton X-l00
(octyl phenoxypolyethoxyethanol).

The Triton was used to emulsify the

compounds since most possess slight solubility in water.

However, some

of the compounds did not emulsify well; thus a 0.57. concentration of
each compound was used.

Some compounds still failed to form an emulsion,

and a sonicator was used to emulsify the particles.

To maintain the

same coal liquid to soil ratio as previously described, each of the
Warburg flasks of the Gilson respirometer was filled with 2 ml of a
0.5% compound emulsion and 0.4 g of soil.

In the center well of each

flask were placed 0.3 ml of 30% aqueous potassium hydroxide solution and
a piece of fluted filter paper to absorb any evolved carbon dioxide.
Oxygen uptake determinations were performed using all of the model compounds at a temperature of 25°C.

Several attempts were made to detect

oxygen uptake but in every
rather than uptake.

cdOr

thw

manometers indicated gas evolution

Therefore, that part of the study was abandoned.

To study the soil degradation of these compounds. sixteen 250-ml
Erlenmeyer flasks were prepared, each containing SO g of soil. SO ml
deionized water and 5.0 oillinoles of one of the model comeounds.
flask was used as a control and contained no model compound.

One

A 4.0-al

sample was withdrawn from each flask by a pipette and placed in a 2-dram
glass sample vial with a top.

To extract the soil samples (labeled

"Day 0"), 3.0 ml of A.C.S. grade 99.9Z acetone was pipetted into each
vial and the mixture shaken.

After the soil had settled to the bottom,

a medicine dropper was used to withdraw the acetone extract from the top.
Additional soil samples were extracted in the same manner after 3, 8
and 22 days of incubation on the shaker at 23°C.

These extracts were

stored at 5°C until gas chromatographs were obtained using the same
instrument and column previously described.
were as follows:

Parameters on the integrator

attenuation, 3; chart speed, 1; peak width, 0.04;

threshold, 3; and area rejection, O.
parameters were used:

On the Varian, the following

-10
amp/mV; attenuation, 64; initial
range, 10

temperature, 100°C for 1 min; and ramp, 40°/min to 3000 for 1 min or
longer depending upon the retention time of the compounds on the column.
With the preceding parameters, o-cresol was detectable to concentrations
of 40 parts per million (ppm).

III.

A.

RESULTS AND DISCUSSION

Coal Liquid Degradation
The results of all coal-liquid extractions are summarized in

Table 1 and Figure 1, both of which show the average percent coal liquid
recovered and the standard deviation for each group extracted.

The

points in the figure represent these average values, while the ranges
around these points are the deviations.

Pointsand ranges representing

the values for sterilized soil extracted after 22 days and 40 days are
also shown.

These values are significantly above corresponding values

for soil with active microbiological flora, indicating that coal liquid
is indeed being degraded.

However, the data also indicate that this

degradation is rather slow.

The wayward point after 147 days of soil

incubation cannot be fully explained with available information.

While

viable bacteria were found in these soil samples by standard pour-plate
technique,no quantitative studies were done.

Thus, this slight increase

in percent-recovery could be due to lack of sufficient bacterial populations to continue the initial degradation.

The pH of these samples

was found to be approximately 7.0; thus a drastic pH change is not
responsible for this lack of degradation.

The increase in recovery could

also have been due to an increase in biomass which could then have been
extracted along with the coal liquid, resulting in an erroneously high
recovery.
Three of the chromatograms from the coal liquids are shown in
Figure 2.

Coal liquid consists of many hundreds of different compounds.

10

Li

TABLE 1

Recovery Data for Coal Liquid Extractions
from Kentucky Pembroke Soil

Incubation
Time

Average
Recovery

Standard
Deviation

0 Days

65.5%

5.45

3 Days

72.0%

2.69

8 Days

63.8%

6.00

12 Days

51.0%

3.87

16 Days

65.6%

5.69

21 Days

63.2%

5.05

26 Days

61.2%

8.25

37 Days

49.2%

10.94

90 Days

50.1%

7.30

147 Days

73.0%

9.82

22 Days in
Sterilized Soil

81.6%

13.36

40 Days in
Sterilized Soil

78.3%

12.55
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ricun 2
ChromatogrAme of Extracted Coal Liquid from Kentucky Pembroke Soil

JAIVA
After 90 Days Incubation in Normal Soil
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Aftcr C

.ubation in Normal Soil
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Mos, these chromatogram peaks represent oaly a few compowads, specifically those found in the highest relative coacestratioas.

Comparisoe

of the three chromatograms revealed only one peak that had a 81$11ifitiet
decrease in area after 90 days of in.obation, while the relative concentrations of the other compounds represented remained essentially the
same.

That one peak occurred at the approximate temperature of 260%.
Four NMR spectra of extracted coal liquids are shown in Figure .1

and Figure 4.

All values on the delta scale (bottom) must be doubled.

The lines above the spectra are the integrations of the areas beneath
the spectral peaks, and the numbers above the lines are the integration
values for the corresponding spectral peaks which are divided into four
regions as shown on each individual spectrum:

delta

values of approxi-

mately 9.6 to 7.4; 5.0 to 4.0; 4.0 to 2.6; and 2.6 to 1.0.

The peaks

on the extreme right are due to aliphatic compounds in the extracted
coal liquid, while those on the extreme left are due to aromatic compounds.
In each case, the area under the right-hand peaks (2.6 to 1.0) is the
highest, indicating that the aliphatic compounds are in highest relative
concentration.

Giving this aliphatic area on each NMR spectrum a relative

value of 100 and adjusting the aromatic areas (9.6 to 7.4) of each spectrum
to the new relative value, the relative aromatic areas for each spectrum
can be compared.

For 0 days of incubation in normal soil and 40 days

of incubation in sterile soil, the relative aromatic areas are 65 and 45,
respectively.

For 90 days and 147 days of incubation in normal soil,

these values are 49 and 36.

Taking into account the limitations and

variations of the Varian A-60D instrument used to determine these spectra,
these differences are significant, for they provide evidence that the
aromatic compounds are being preferentially metabolized in the coal
liquid.

The difference of 20 between the aromatic areas for 0 days and

IS
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miwwn in Figures 5 through H.

As with the 11M1

and GC measurements, the spectra obtained after 0 days and 10 days of
Incubation in sterile soil served as the double controls.

Upon comparison.

the most notable feature of the spectra was the variation of intensity
-1
in the 0.41 stretch region from about 3300 to 4400 cm .

This variation

was assumed to be due to moisture in the extracted samples, a minor
variable that would be very difficult to control.

The intensities of all

the other peaks were virtually the same as those of the two controls
-1
except for a peak on the 0 days spectrum at 2360 cm
which was due to
atmospheric carbon dioxide interference.

The fact that these two spectra

were practically superimposable is evidence that the double controls were
valid.

A comparison of the controls with the spectra made after 90 days

and 147 days of incubation showed an intensity decrease in the strong
-1
band at about 1600 cm , a decrease that was more pronounced in the 147
days spectrum than in the 90 days one.

There were also decreases in the

-1
-1
region from 600 cm
to 900 cm
and on the peak that forms the shoulder
-1
of the aliphatic carbon-hydrogen stretch band at about 3100 cm .
bands are characteristic frequencies of aromatic compounds.

These

Again, all

of these intensity decreases were more pronounced in the 147 days spectrum
than in the 90-day one.
to that from the

These results provided evidence, in addition

NMR spectra,

that the aromatic compounds in the coal

liquid were being preferentially metabolized over the other compounds
present, since there was no corresponding decrease in bands due to
aliphatic compounds or compounds containing a carbonyl.
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Figures 9 through 14 ate unique chromatograms takes from the

hundreds that IWO run.
and the

Each chromatogram was read Eros top to bottom,

first large peak on each was due to thy acetone used to extract

these compounds from the soil samples.

The arrow on this first chromato-

gram of each figure indicates the peak due to the aromatic compound.
This was determined by running a standard with each aromatic compound
dissolved in acetone to determine exactly when the compound came off the
GC column.

A valid comparison of peak areas to show concentration changes

was not possible.

Due to the small sample size and high instrument

sensitivity, there was normal variation of peak areas of 10% when the
same standard was analyzed successively using identical conditions.
Internal standards were not used in the soil or the soil extractions since
any degradation of the internal standard would interfere with the studies
of the compounds.
In Figure 9, the second large peak, due to 1-naphthol, virtually
disappeared after 22 days, thus indicating a disappearance of this
compound in the soil.

This loss may or may not have been due to micro-

biological degradation of 1-naphthol.

Because the soil sample turned

darker after ten days on the shaker and because 1-naphthol is easily
oxidized, the chromatograms might have indicated a simple oxidation or
a combination of oxidation and degradation.

In Figure 10, the peak due

to 2-naphthol diminished somewhat in area after several days of incubation,
and after 22 days a new peak appeared indicating formation of a new
compound in relatively high concentration that had a lower molecular
weight and/or was less polar than 2-naphthol.

However, as with 1-naphthol,

this could be due simply to oxidation/degradation and not necessarily
degradation alone.

2)
i IGURI

1

C1hroxiatograns of Extracted 1-114phthol

0 Days

3 Days

1

•Imil..

_7)

8 Days

------ - ---ci

22 Days

21
With

qU1Stainv. Ihe

ase

event appears to have occurred again.

Figure 11 fthowetia new peak In the 22-day sample. although this peak 11144
not nearly

as

pronounced as the new peak in the 2-naphthol experiment.

The quinoline degradation was thus 411 rapid as that of the naphthols.
In Figure 12, the area of the aniline peak was reduced substantially,
aud the new peak formed was larger than the new peak formed by 2-naphthol.
For p-cresol, shown in Figure 13, new peaks occurred after only
3 days of incubation.

Unlike the others, however, three new peaks

appeared instead of one, and these peaks appeared after the p-cresol
had come off the GC column indicating that these new compounds were of
higher molecular weight and/or were more polar than p-cresol.

The

concentrations of these new compounds seemed to change with time.

Of

the two new peaks appearing after 3 days, the first one was smaller than
the second.

After 8 days, the first one was barely detectable, and the

second one was much reduced.

After 22 days, the first one was essentially

gone, the second one was more or less the same as after 8 days, and a
third peak had appeared between the second peak and the former position
of the first peak.

Obviously, the compound represented by the first

new peak (metabolic product and/or oxidation product) was formed in the
first few days of incubation and then disappeared after a little more
than 8 days, while the compound represented by the second peak probably
diminished from its original concentration,and the compound of the third
peak was one that did not show up until more than 8 days of incubation.
The p-cresol extractions of 22 days were opened under a hood for several
hours to allow most of the acetone to evaporate in order to concentrate
these new compounds formed.

Perhaps the compound for the third peak was

also present in the 3-day and 8-day samples but went undetected until
this concentration.

Thw Lhzumatograma of deridins 4r. prwswntwd in Vigor, 14, mad only
onw now peak appeared in these.

A mail pwak just

41104

the acetone

peek in the 22-day sample indicate, a relatively melt ..bspound in
quite low concentration.
The fairly rapid disappearance of the 1-n1iphthol

WAR

in Agreement

with evidence presented by Medvedev and Davidov.(9) who showed that
500 mg of 1-naphthol per kilogram of chernozem soil disappeared atter
5 days.

However, the chromatograms of the current study did not detect

3.4-dihydrodihydroxy-1(2H)-naphthalene, as reported by Evans(41) and
(42)
Walker,
or any other known metabolite of 1-naphthol.

The former

investigation also showed that the same concentration of 2-naphthol
in chernozem soil remained over 90 days and that even a 5 mg/kg dose
stayed in the soil over 30 days.

In addition, these investigators showed

that a stable degradation product was formed with the larger dose.

in

the present study, the extra peak after 22 days could have been due to
2,5-dihydroxybenzoate, a known metabolite of Pseudomonas degradation of
(43,44)
2-naphthol.
For quinoline, no available published evidence was found concerning
bacterial metabolites.

For this compound, a 500 mg/kg concentration had

a chernozem soil duration of 83 days.(9)

Very little investigation has

been done on aniline metabolism by soil bacteria.

However, Walker and

(45)
Harris
did show that ammonia was formed as a result of Pseudomonas
degradation of aniline.
For the cresols, the chernozem soil duration was approximately 10
days for each isomer, a relatively rapid decomposition.

Aniline, o-cresol,

2-naphthol, and the toluidines have been shown to give soil waterrepellent qualities, probably due to surface polymers formed as transformation products of the compounds introduced into the soil.(9)

This

U
induced hydrophobic nature could greatly decrease ulster perswatiom, of
course. but the shakcr employed in the current study would tend to
minimize this effect.

Dimer formation eight have caused produkte having

enhanced polarity to have appeared after the p-cresol peak in Figure 13.
The bacterial degradation of methyl-substituted aromatic compounds often
involves oxidation of the methyl group to a carboxyl group before ring
fission,

and these carboxylic acids could have been responsible

for the new-foreed peaks.

The peaks also could have been due to the

corresponding alcohols and aldehydes formed as intermediates before the
formation of the carboxylic acid.(49,50)

Another possibility might have

been the formation of methyl-substituted catechols(51,52) or 4-hydroxybenzoate and/or protocatechuate.(53)

Certainly most of the published

work on the degradation of the aromatic compounds used in the present
study deals with naphthalene and the cresols, and even the enzymes of the
initial degradative steps of m-cresol have been isolated and studied.(54)
There still is, however, much debate over the exact pathways of each
cresol decomposition.
Unfortunately, there is very little published literature concerning
decomposition of acridine.

Medvedev and Davidov(9) found that the

500 mg/kg dose of acridine stayed in the chernozem soil for 83 days
and that the smaller 5 mg/kg dose had a 16-day duration, but no other
data are available on acridine breakdown.
The following compounds did
detectable by gas chromatograph:

not produce any degradation products
naphthalene, indole, o-cresol, m-cresol,

o- and p-toluidine, anthracene, phenanthrene, and carbazole.
factors could have influenced this lack of degradation.

Several

The incubation

time of 22 days might not have been long enough for detectable concentrations of metabolites to be produced, although there is publishe
d
evidence that contradicts this factor for most of the compounds.(9)

)1
of only

Disfetioe tine

4

few days have hewn reported for the

thor toluldlnes, and indult.. but
for carhaso1e.(9)
carbasolt

Or

4

try4014,

duration time of more than 90 days

No other evidence for the desradetion of indole.

the toluidines was found in the literature.

None of the

papers on naphthalene metabolism mentioned the rate of decomposition
in soil; rather, they were concerned with pathways of breakdown.
Tabak et al. have reported on the relationships between derivatives
of phenol and their chemical structure versus decomposition rate, but
this study involved bacteria already specifically adapted to degrade
(55)
phenol.

The chromatograms for o-cresol in the present work unfortu-

nately showed no peaks that could have been caused by the known oxidation
products of o-cresol by Pseudomonas aeruginosa.(57,58)

Oxidative

metabolism of phenanthrene and anthracene by soil pseudomonads has been
shown to involve P. aerug_inosa already adapted to growing on the substrates as sole carbon

source.(58)

This study was thus a pathway

investigation and not an experiment concerning decomposition rate in a
natural situation.

Several reports on phenanthrene degradation emphasized

enzymes and biochemical pathways but apparently did not address decomposition
(59,60)
rates.
For those known compounds that apparently did not degrade, as
shown by GC analyses, a factor other than rate of formation of one or
more higher molecular weight and/or more polar products must be considered.
It is possible that these "empty" chromatograms actually contain very
low molecular weight metabolites that are masked by the large acetone
peak.

Thus, if an initial metabolite was further degraded very rapidly

to such small compounds, the products would have gone undetected by the
methods employed by this study.

IV.

SUMMARY

The results of this study have shown that H-coal liquid degradation
In Kentucky Pembroke soil. Horizon A. was a slow process under the
given experimental conditions.

The aromatic compounds in the liquid

were degraded preferentially over the saturated compounds present.
The results of incubation of known individual compounds showed complete
disappearance of l-naphthol within 22 days and new compounds, possible
metabolites, appearing within 22 days for 2-naphthol, quinoline,aniline,
p-cresol, and acridine.

With naphthalene, indole, o- and m-cresol,

o- and p-toluidine, anthracene, phenanthrene, and carbazole, no detectable
changes within this period were noted.
As with so many science research projects, this study has provided
more questions than answers.
study.

Obviously, there is ample room for further

To obtain statistically more reliable information on the coal

liquid degradation, a larger number of samples should be taken.

Oxygen

uptake studies should also be conducted to help determine degradation
rate, and studies such as plate counts and species identification should
be performed during incubation.

Oxygen uptake studies should also be

attempted using the aromatic compounds being metabolized in the soil.
Again, microbial plate counts during incubation would be enlightening.
Different aromatic compounds could be employed.

Finally, longer incubation

times for the degradation of both the coal liquid and the aromatic
compounds are certainly indicated.
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